The photodissociation dynamics of nitrogen dioxide have been probed above the second dissociation limit at photolysis wavelengths close to 226 nm. The O( 3 P J ) + NO( 2 Π Ω ) product channel has been examined using direct current slice velocity map has been found to favor the production of vibrationally cold, highly rotationally excited NO( 2 Π Ω ) products with all three oxygen spin-orbit components. Other minor dissociation channels which produce O( 3 P J ) atoms have also been identified. We discuss the significance of these dissociation channels and present a reinterpretation of previous studies of NO 2 dissociation on excitation to the (2) 2 B 2 state.
I. Introduction
The photodissociation of nitrogen dioxide (NO 2 ) has been studied for more than half a century. The molecule has received considerable attention due to interest in fundamental questions about the nature of unimolecular decomposition dynamics and also because of its important roles in the chemistry of combustion 1 , the stratosphere 2 and the troposphere 2 . Further interest arises from the strongly vibronically coupled nature of its low lying electronic states and subsequent non-adiabatic dynamics, which provide a significant challenge to theory due to the molecule's open shell structure. 3, 4 Nitrogen dioxide also provides an experimental opportunity to study non-radiative decay processes in the small molecule limit. 5 The absorption spectrum of NO 2 displays two broad features between 200 and 700 nm. [6] [7] [8] [9] The first band is associated with excitation from the ground (1) 13 .
Since the original photofragment ion studies of Busch and Wilson in 1972, 10,14 the photodissociation of NO 2 via the (1) 2 B 2 state has been extensively studied. The literature is too extensive to review in any detail here. The rise of the second electronic absorption band of NO 2 is assigned to the opening of the (2) 2 B 2 ← (1) 2 A 1 transition at 4.97498 eV. 15 At these excitation energies the effect of the NO 2 /N 2 O 4 equilibrium becomes important. Below 250 nm, the absorption cross-section of N 2 O 4 rises sharply, with the N 2 O 4 to NO 2 absorption cross-section ratio increasing from 0.01 at 400 nm to 100 close to 200 nm. 7, 9 The ultraviolet photolysis of N 2 O 4 has been noted to produce electronically and vibrationally excited NO 2 as well as NO( 2 Π Ω ) and O( 3 P J ) products, making it difficult to separate the decomposition product channels of the two species. [16] [17] [18] The equilibrium results in ~81 % of NO 2 existing in its dimeric form at room temperature and atmospheric pressure (STP). The obvious implication of this is that photodissociation studies at wavelengths below 250 nm require careful reagent preparation, N 2 O 4 correction factors and/or experimental methods which allow the NO 2 and N 2 O 4 photoproducts to be distinguished.
The second electronic absorption band of NO 2 shows a much simpler vibronic structure than the visible/near UV band and was partially analyzed by Harris and King 19 . The symmetry of the excited state was later assigned as 2 B 2 when the band was further studied by Ritchie et al. 20 The transition corresponds to a linear superposition of the 5a 1 ←3b 2 and 2b 1 ←1a 2 valence electron excitations and carries an average oscillator strength of 0.0068 eV -1 . 9, [21] [22] [23] At its origin the (2) 2 B 2 state is known to be predissociative with a lifetime of 42 ± 5 ps. 24 The (2) 2 B 2 state is calculated to be weakly bound with a shallow potential well in the asymmetric stretching coordinate in the adiabatic representation. 4 For an overview of the topography of the (2) 2 B 2 surface and other relevant electronic states, the recent results of Schinke and co-workers are recommended. 4 At higher excitation energies, 5.082909 eV, dissociation to produce NO in coincidence with electronically excited oxygen can occur, 11, 13 ( ) ( ) The O( 1 D 2 ) yield is found to remain relatively constant, between 40 and 50%, upon direct excitation to the (2) 2 B 2 state above this energetic threshold. [24] [25] [26] [27] [28] Although full dynamical calculations on accurate potential energy surfaces are required to understand the details of the branching ratio into the two channels 4 , the significant O( 3 P J ) yield can be rationalized by the correlation of the (2) McKendrick et al. 31 measured NO fragments in both v = 2 and 6 at a photolysis wavelength of 248.5 nm. Slanger et al. 32 later repeated this experiment but probing other vibrational levels (v = 4-8) with a separate probe laser using LIF. They observed a marked vibrational inversion with the population distribution peaking at v = 7.
McFarlene et al. 33 used a resonantly enhanced multiphoton ionization (REMPI) detection scheme to probe the whole vibrational distribution at the same photolysis wavelength. These experiments observed a bimodal vibrational distribution peaking at v = 0 with a subsidiary maximum at v = 5 (although the peak at v = 0 has been questioned in the literature 34 ). Non-statistical NO fragment rotational profiles were also observed. with an ancillary maximum consistent with production in v = 10 or 11 39 . Close to 200 nm, the kinetic energy of the O( 3 P J ) fragments are consistent with production in coincidence with NO( 2 Π Ω ) in v = 7 and v = 13 or 14. 41 At still shorter wavelengths, the NO( 2 Π Ω ) distribution is found to peak at v = 7 or less with a small peak at v = 14 in the NO( 25 The energy partitioning determined by all of these studies is summarized in Fig. 1 . The most probable internal energy of the photofragments is plotted against the initial excess energy in the (2) 2 B 2 state for the high and low energy channels respectively. The "error bars" represent the half-width half-maxima of the reported internal energy profiles in each study. In the study of However, these studies differ substantially in the determined kinetic energies of the peaks of the O( 3 P J ) fragment distributions. In this paper we describe experiments at photolysis wavelengths close to 226 nm using the direct current (DC) slice imaging detection technique. 42 We achieve substantially higher energy resolution of the O( 3 P J )
kinetic energy release spectra than has been obtained previously. We couple these experiments with detection of the NO co-fragments in order to understand the energy partitioning of the dissociation and the mechanism in more detail. The results of these experiments allows us to reappraise critically previous observations and to provide a new interpretation of the photodissociation dynamics of the (2) 2 B 2 state of NO 2 that is in accord with recent theoretical work. 4 The paper is organized in the conventional experimental, results, discussion format.
II. Experimental
In our experiments DC slice velocity map imaging 42 has been employed in conjunction with mass resolved REMPI spectroscopy in order to probe the nitric oxide and atomic oxygen photoproducts of nitrogen dioxide photolysis close to 226 nm. Reagent molecules were prepared in a pulsed supersonic expansion of 2% NO 2 (Air Products Ltd.) purified by reaction with 5% O 2 (BOC gases) in a seed gas of He (BOC gases). The supersonic expansion was created by a heated pulsed valve (General Valve) with a 500 µm orifice and a backing pressure of ~1 bar. For all of the experiments other than the temperature studies, the nozzle was held at 393 K in order to push the NO 2 /N 2 O 4 equilibrium to 99.9 % in favor of the monomer. The expansion chamber was held at a pressure between 1-8 × 10 -6 mbar throughout the experiments.
The rotational temperature of the molecular beam was determined to be ~ 20 K from the rotational profile of NO contaminant in the NO 2 expansion. This molecular beam was doubly skimmed 50 mm and 600 mm downstream from the orifice, using 1 mm and 2 mm diameter skimmers (Beam Dynamics) respectively, in order to limit its translational velocity perpendicular to the direction of travel. The second skimmer lies at the base of a set of VMI ion/electron optics based on the designs of Wrede 43 and Suzuki 44 . The electron optics were mounted so as to project the photoion or photoelectron distributions along the axis of the molecular beam propagation and were designed to operate both in conventional VMI 45 and DC slicing modes 42 depending on the extraction voltages employed. The detection chamber was held at a pressure close to 1 × 10 -8 mbar throughout these experiments.
The frequency tripled output of a Nd:YAG laser (Continuum Surelite III-10)
was used to pump a dye laser (Sirah Cobra Stretch) operating with a Coumarin 2 (Exciton) and, separately, a Coumarin 47 dye (Exciton) to span the required excitation wavelengths. The fundamental was frequency doubled to produce pulses with maximum energies between 2.5 and 3 mJ pulses at a repetition rate of 10 Hz between 218 and 236 nm with a temporal profile of 3 ns (FWHM). During the experiments, the laser energy was maintained between 50 and 500 μJ and was focused 2 mm beyond the molecular beam jet with a 250 mm fused silica lens. The single laser pulse photodissociated and ionized the photofragments via (1+1) or (2+1) REMPI processes for the nitric oxide and oxygen fragments respectively.
Photoions/photoelectrons were detected at the end of a mu-metal time-offlight (TOF) tube by a dual micro channel plate vacuum detector in a chevron arrangement (40 mm diameter, with a P43 phosphor screen; Photek). The detector was gated to detect ions of a given mass, and for slicing experiments to detect the central part of one of the photoproduct distributions. In the slicing experiments, the detector on-time was maintained below 20 ns (usually less than 10 ns) using a custom built power supply (Photek). Images were captured using a 640 × 480 pixel charged couple device (CCD) camera (LaVision Imager 3) and were averaged and processed using the DaVis software package (LaVision) and an event counting macro.
Conventional velocity map images were post-processed using the Hankel/Abel transform to reconstruct the photoproduct distributions after the projection. 46 The resulting velocity map images were calibrated using NO photoionisation or O 2 photodissociation, the mechanisms and energetics of which are well understood.
III. Results
DC slice images of the three O( 3 P J ) fragments were recorded using a single laser, scanning the Doppler profiles of the fragments in order to probe the entire distributions. In these experiments, the pulse energies were maintained close to -1 . The resulting images are shown in distributions at low temperatures which becomes less significant as the temperature is increased to 393 K. This feature was found to be most significant in the O( 3 P 2 )
distribution.
IV. Discussion

O(
P J ) spin-orbit branching ratios
The photofragment speed distributions and velocity anisotropy will be affected by orbital angular momentum alignment effects. In a one laser one color experiment it is impossible to quantify these effects, although the O( suggest that the fast component (0. 
Energy partitioning in the NO fragments
Our single laser experiments were performed with varying excitation wavelengths between 232 and 220 nm in order to probe different photolysis products.
The range of excitation wavelengths populates different vibrational levels of the (2) 2 B 2 state of the parent NO 2 molecules. However, the vibrational structure of the absorption spectrum in this region is primarily associated with the bound symmetric stretch in the (2) transition (see Table 1 ) and assumed large population of the NO( and the NO co-fragment associated with the peak of the O( 3 P 0 ) kinetic energy release spectrum cannot be in v = 3. We confirm this remark by presenting a simulated absorption profile, obtained using the LIFBASE program 50 , of NO fragments in v = 3 with a statistical rotational profile peaking at N ~ 21 in Fig. 3 (b) .
We have already noted that the recorded REMPI spectrum is in agreement When REMPI spectra are recorded at either side of the spectrum shown in Fig. 3 (a) , we find that the peak of the rotational distribution occurs close to 231 nm. If one considers the transition probabilities (see Table 1 ) of the vibrational bands close to the studied wavelengths, one sees that the transition probability for the A←X (0,1) transition is 4 times greater than the corresponding A←X (2,3) transition probability.
Were NO( 2 Π Ω ) fragments produced equally populating the rotationally excited v = 1 levels and relatively rotationally cold v = 3 levels the underlying rotational progression of the (2,3) band would be observed in the REMPI spectrum ( Fig. 3 (a) should not have an effect on the rest of the (0,1) NO( 2 Π Ω ) with O( we expect a peak at 1.05 eV for fragments in v = 3 and N ~ 20. This peak would form part of peak d. The contribution of such a peak to the distribution, however, must be very small (as is evident in Fig. 3 (a) ) and a firm assignment would require the detection of the relevant NO( 2 Π Ω ) co-fragments. There are no obvious features in the distribution which could be assigned to relatively rotationally cold fragments in v = 4, 5 or 6. It seems that the two rotational modes observed in the O( 3 P 2 ) distribution share a similar vibrational profile.
The peak energies of the O( 3 P 2 ) distribution and the co-fragment assignments are summarized in Table 2 . A similar treatment has been carried out for the O( 3 P 0 ) energy distribution ( Fig. 2 (f) ). This is summarized in Table 3 . The main conclusion of the analysis of the energy distributions is that there appear to be two different dissociation mechanisms by which O( 3 P J ) atoms can be formed with kinetic energies between 1.55 and 0.5 eV. The major mechanism forms vibrationally cold but rotationally hot NO( 2 Π 1/2 ) fragments with a minor mechanism forming rotationally colder diatomic products with a similar vibrational profile. The production of such highly rotationally excited products from the dissociation of the (2) 2 B 2 state has recently been predicted by Schinke and co-workers. 
Translational anisotropy of the O(
P 2,0 ) fragments
To support the interpretation of the O( 3 P 2,0 ) energy distributions, the anisotropies of the unaligned image features were analyzed using the well known formula introduced by Zare. 53 The structure in the unaligned O( 
The influence of the NO 2 /N 2 O 4 equilibrium
The effects of the NO 2 /N 2 O 4 equilibrium on the UV study of the photodissociation dynamics of NO 2 have previously been discussed in the literature. 16, 54 In our experiments, temperature studies (Fig. 5 ) reveal a broad unstructured underlying feature in the O( 3 P 2 ) kinetic energy profile at lower sample gas temperatures between 0 and 0.5 eV. This feature was prominent in the O( 3 P 2 ) distribution with a significantly smaller contribution to the O( 3 P 1 ) distribution and no contribution to the O( 3 P 0 ) with a sample backing pressure of 1 bar, a NO 2 partial pressure of 2% and a sample temperature of 295 K. The maximum of the feature occurs close to 0.1 eV.
This broad feature is lost as the sample temperature is raised to ~ 400 K (see Fig. 2 (d) to (f)). The feature has an overall anisotropy of 0.2 ± 0.1, which is in qualitative agreement with the results of Brouard et al. who observed a similar structure in the O( 3 P 2 ) velocity profile with an anisotropy of 0.1 using a room temperature sample gas, a sample pressure of 2 bar and NO 2 partial pressures of 10%, 1% and "trace quantities" in He. 16 Brouard and co-workers observed a decrease in the contribution The area under each of these peaks, unlike the underlying profile, is independent of temperature. This implies that these peaks are due to NO 2 photolysis and not due to the photolysis of a contaminant.
In separate experiments, the kinetic energy profile of the O( 3 P 0 ) fragment distribution was recorded at 295 and 393 K. In this case the profile was found to be independent of temperature, supporting the interpretation that peaks h, i and j are due to NO 2 photolysis.
In the presence of oxygen and helium and based on the thermodynamic stabilities of the oxides of nitrogen, the only important species in these experiments are NO and N 2 O 4 . 55 Furthermore, in a single laser experiment close to 226 nm the photolysis of NO to produce O( 3 P J ) atoms can be considered unimportant. 56 At the laser fluence employed we can also discount any contribution from the dissociation of O 2 . 57 As pointed out by Brouard et al. 16 , the reduction of the NO 2 partial pressure in the reagent mixture would push the NO 2 /N 2 O 4 equilibrium to favour the monomer. We cannot definitively identify the dissociation mechanism. We therefore assign the 
Dissociation mechanisms
The calculations of Schinke et al. reveal the mechanism for the production of vibrationally cold, highly rotationally excited NO( 2 Π Ω ) products (the major dissociation products close to 226 nm). 4 The Franck-Condon window to the parent A final consideration is the difference between the spin-orbit ratios measured in this study and those recorded by Rubahn et The effect is less obvious in the weak O( 3 P 0 ) signal, the intensity of which will be particularly sensitive to the probe laser power and the experimental signal to noise ratio. These results further illustrate the advantages of kinetic energy resolved detection of photofragments as afforded by the VMI technique.
V. Conclusions
The dissociation dynamics of NO 2 to produce NO( 2 Π Ω ) and O( 3 P J ) have been studied on excitation to the (2) The translational anisotropy of the fragments has been examined to conclude that the dissociative geometry becomes more bent (on average) as the kinetic Table 2 Vibrational and rotational assignments of the NO co-fragment responsible for the peaks occurring in the O( 3 P 2 ) kinetic energy release spectrum ( Fig. 2 (d) Table 3 As Table 2 but for the O( 3 P 0 ) kinetic energy release spectrum ( Fig. 2 (f) ). 
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